Modern spaceborne radar scatterometers such as the NASA Scatterometer (NSCAT) and SeaWinds radar instruments require precise determination of the normalized backscattered radar cross section within a few tenth of a decibel in order to achieve the desired wind velocity and direction measurement accuracy of 2 m/s and 20 degrees respectively. This high level of precision requires a priori pre-launch accurate knowledge and determination of the radar antenna's absolute gain and relative radiation patterns characteristics over wide angular range. Such characterizations may be performed on a far-field range or in an indoor near-field measurement facility.
INTRODUCTION
The evolution of spaceborne scatterometers is demanding very high quality performance from antennas.
For example, a recently designed JPL/NASA scatterometer (NSCAT) instrument [1] for global mapping of dynamic change of ocean circulation requires very accurate knowledge of antenna gain, wide-angle antenna patterns, squint angle, and beamwidth. The antennas assembled on this instrument are each a ku-band 3-m long stick slotted waveguide type. Given the size of the NSCAT antenna for an example, at 13.995 GHz, the far-field is beyond 800 meter and hence a proper antenna range, and antenna alignment must be used over that distance to carry such measurement.
An alternative approach to far-field radar antenna calibration is near-field indoor measurement [2] - [3] . Near field measurement may be performed in various configuration; however, this paper will focus on the cylindrical near field configuration. Once near-field data is acquired on a cylindrical surface surrounding the antenna as shown in Fig. 2 , a data processing algorithm is used to give more details information on antenna radiation properties which would have required much conventional measurement work [4] - [8] .
The antenna radiated fields -amplitude and phase-can be obtained anywhere outside the scanning cylindrical near-field surface. Besides this unique advantage, near-field measurement techniques is performed in a controlled environment -in an indoor shielded anecheoic chamber. Therefore, measurement can be carried out without disruption of weather conditions (rain, snow, ..etc. ), unwanted signals, and to a high degree of room temperature control. Hence, near-field measurement eliminates the need for long test ranges, and in several respect with better measurement accuracy than conventional far-field measurement.
In order to accurately measure the radiation properties of these spaceborne scatterometers, a cylindrical near-field measurement facility has recently been developed at JPL [9] - [1 O] as shown in Fig. 3 It is well-known that special attention must be given to different near-field errors that might be present in the measurement in order to accurately characterize the wide-angle test antenna's patterns and gain [9] , [10] , [1 5] . One of the objectives of this paper is to present a calibration methodology to determine the effect of different near-field measurement errors including the sampling probe radiation properties on the test antenna absolute gain and patterns, and to critically assess the effect of these errors on the achievable accuracy in absolute gain and pattern measurement. In addition, the paper will demonstrate the application of the cylindrical near-field measurement technique, and a comprehensive calibration methodology to the measurement of large spaceborne scatterometers that have been recently calibrated at JPL. This is done by presenting a simulation methodology for proper characterization of the probe pattern effects on the antenna far-field patterns [8] . Using an analytically wellcharacterized probe with circular aperture, we have been able to examine the effects of the probe. In particular, we have been able to carefully evaluate the role of the probe pattern and gain compensation in determining the far-field patterns of the test antenna (see Appendix A). Additionally, other sources of errors such as probe interaction with the antenna, mis-positioning of the probe, scan area truncation, receiver non-linearity and drift are evaluated to determine the achievable accuracy in the calibration of these antennas.
The paper is organized as follows. Section 2 presents an overview of the calibration methodology of scatterometer radar antennas, and discusses and presents the unique features of the cylindrical near-field calibration setup and measurement at JPL. Section 3 demonstrates the utility of cylindrical near-field measurement to calibrate ku-band sactterometer antenas, and presents a generalized algorithm in which to determine the effect of near-field errors on the predicted far-field patterns with specific application to
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NSCAT. Section 4 discusses the calibration of another class of scatterometer radar antennas, SeaWinds, and verification methodology using ku-band standard gain horn.
For completeness, a comparison between direct far-field measurement and those obtained from cylindrical near-field measurement are also presented. Summary of the paper is given in section 5.
CYLINDRICAL NEAR-FIELD MEASUREMENT: AN OVERVIEW

A. General Description
The theoretical basis of cylindrical near-field measurement is the application of the surface equivalence theorem. In general, the knowledge of the tangential fields (amplitude and phase) on a surface completely enclosing the test antenna enables the computation of the field anywhere in the region exterior to it. The exterior region in which antenna radiation properties can be obtained spans the near, fresnel, and far-field domain of the test antenna. Ordinarly, the measurement surfaces that can be easily realized in surface surrounding the antenna [4] - [9] , and spherical surface that enclosing it [20] .
Besides that these surfaces are mechanically convenient scanning surfaces, there is a unique mathematical advantage of carrying the near-field measurement in any of the above coordinate system. This is simply put that the vector wave equations in these coordinates system are separable [16] .
Depending on the test antenna geometry a particular scanning surface is selected.
Though, measurement made on a spherical surface, surface that encloses the test antenna, are good to characterize completely any type of antennas, the cylindrical (as well as the planar) measurement geometry, shown in Fig. 2 , is usually finite in extentand suitable for characterization of directive antennas. The cylindrical scanning surface can be achieved by rotating the antenna under test in azimuth while a sampling probe detects the electric field as it travels along a tower in a linear motion to a predetermined positions ( see subsection 3.C) . Hence, practical measurement on cylindrical surface (also planar), surface that don't extend to infinity, may yield to truncation errors in the computation of the far field. The error magnitude depends on the relative power level not measured outside the scanning area.
As an illustration, NSCAT antenna, shown in Fig. 1 , posses a rectangular aperture with long length and narrow width. The relative near field power pattern for such an aperture is uniform along its aperture's length and tapered rapidly outside it. On the other hand, the aperture has a wide beam in the azimuth direction -along its narrow width-and the relative power pattern varies and tapered slowly in that direction. A scanning cylindrical geometry is then suitable to test this class of antennas. Since -for the case that the antenna is mounted in the vertical direction with the cylinder geometry concentric ring completely surrounding its narrower dimension-, the antenna doesn't radiate appreciably in the +/-z direction, and most of the radiating energy is captured by the cylindrical surface. Consequently, a very small truncation error may appear at far-angle from the main beam peak in the computed far-field pattern.
B. Far-Field From Cylindrical Near-Field Measurement
The vector wave expansions of the electromagnetic field of both the sampling probe and the test antenna in cylindrical coordinate system, and the application of the reciprocity theorem between them yield to the representation of the electromagnetic field anywhere outside the measurement surface. The field representation is written in terms of the nearfield probe vector output response and the radiation characteristics of the probe when used as a transmitter [4] - [8] . Therefore, a priori to cylindrical near-field measurement, the probe radiation properties must be known. Noteworthy, the measurement uncertainty determined in the characterization of the probe is associated with the achievable accuracy of the test antenna performance parameters. See Appendix A for an overview of the mathematical developments.
C. Calibration Mefhodo/ogy
There are two types of bias errors that have been identified in the cylindrical near-field calibration: Electrical and Mechanical. The electrical errors are dominated by the probe pattern effect and gain [8] , [12] , probe-antenna under test interaction, scan area truncation, receiver non-linearity and drift, The mechanical errors which may also introduce bias errors in the calculated far-field patterns are mainly probe position with respect to the center of rotation of the test antenna, probe orientation and overall alignment. Fig, 4 shows the algorithm flow diagram that we have implemented to estimate the effect of these errors and ultimately provide guidance in tuning the near-field range to reduce the measurement uncertainties. For an example, a simulation model of NSCAT antenna is implemented and different near-field simulated and measured errors are introduced to determine both the magnitude of these errors and how it manifest itself in the far-field. An error control table is then established to assess the overall calibration uncertainties.
D. Unique Feature Of JPL Cylindrical Range
In the cylindrical near-field measurement facility at JPL, the sampling probe travels a single linear motion while the test antenna rotates in azimuth direction to form a cylindrical This system of measurement configuration has been used to calibrate the SeaWinds radar antennas. Similar configuration was implemented for the Calibration of NSCAT antennas with the exception that an HP 8530 receiver was used rather than the SA 1795.
NSCAT ANTENNA MEASUREMENT AND RANGE CALIBRATION
A. NSCATAntenna Description and Mission Requirements
The NASA scatterometer, NSCAT, is a Microwave instrument, was designed to measure wind speed and direction over the Earth's ocean. The data set collected by the instrument has been used by many different science disciplines to name few, the climate change researchers, operational weather forecasters, and commercial ship routing firms. The NSCAT antenna designed for the instrument is a dual-pol (vertical and horizontal polarization) fan-beam that provides ground resolution of 25 X 7 km. It 
B. A Generalized Technique to Determine the Effect of Probe Pattern and its
Application to NSCA T Antenna
In order to assess the effect of probe pattern and gain on the computation of the far-field of the test antenna, we have considered an analytically well -characterized probe with circular aperture in our calibration methodology (see Appendix A). The purpose of this is to determine the effect, and the importance of introducing the probe radiation properties in the computation of test antenna patterns for a given size probe. We were able to determine the angular region at which probe correction is needed, and estimate the magnitude of the error in that regions in the calibration of spaceborne radar antennas, and consequently design a sampling probe with single choke horn to be used in the measurement.
. A simulation model that resembles the actual NSCAT flight antenna is implemented to obtain near-field using circular-aperture probe with an arbitrary radius (see Appendix A).
In order to generate NSCAT-synthetic near-field data, a method of moment computation was implemented for the case that resemble the actual NSCAT flight antenna and probe size selected to be used in the cylindrical near-field measurement.
Hence, we have considered a probe radius of a=O. orthomode probe (9.57 dB gain port 1 and 9.56 dB port 2) supported these observations. It is worthwhile to note here that a larger probe size may not be useful, since multiple scattering between the antenna and the probe becomes very large. In addition, the uncertainty in the probe pattern measurement becomes significant at close angels from the peak.
C. Probe Gain and Insertion Loss Measurement Effect on NSCA 1 Antenna Gain
An insertion loss measurement approach is implemented in our cylindrical near-field range to determine the NSCAT antenna gain. The sampling probe in this approach is used as a standard gain. Thus, in addition to the need of the knowledge of the radiation properties of the probe a priori to cylindrical near-field measurement, the probe gain becomes necessary. The sampling probe was calibrated at the National Institute of Standard and Technology (NIST) with +/-0.1 dB accuracy using an extrapolation technique [21] . This bias error becomes part of the overall antenna gain measurement uncertainty.
Additionally, other bias error may occur in the insertion loss measurement procedure.
During this approach, the insertion loss difference between the test antenna and the probe, normally taken at the peak of the near-field (normalization point) on the sampling cylindrical surface, is determined. This is done by recording the open loop co-and cross polarized field components at the normalization point. Referring to The latter normally translates its bias error as phase error. Similar procedure are repeated to determine the cross polarized insertion loss. The bias error over repeated insertion loss measurements was found to be within +/-0.03 dB.
D. Truncation in Z
In principle, the integral in z in equation 16 (Appendix A) should extend to infinity. This is of course not possible, and hence we should determine what errors are introduced by using a finite scan in z. To determine the effect of the finite scan in z for good accuracy, data was taken over the maximum extent of the scanner 3.81 meter. The farfield is then computed with the use of the complete near-field data set obtained at rO =33.6 inches. Next we truncate data points on both edge of the scan and we compute the far-field. The differences in antenna gain are shown in Fig. 7 as a function of the truncated distance. It is evident from the curve in Fig. 7 that the scan length which is only slightly larger than the antenna is sufficient for good accuracy at the indicated rO=33.6 inch separation distance. Also, it is evident that the truncated nearfield regions corresponds mainly to the field diffracted around the edge of the antenna, where the near-field tapered rapidly on both sides outside the aperture of the antenna, contribute mainly to the wide-angle regions of the far-field sidelobe level and periodicity.
E. Truncation in Ã
portion of the azimuthal scan in $ (-30° <$< 30°) degrees was not sampled. This is implemented to give the probe enough time to travel during this interval to a predetermined position Az. The angular region truncated is +/-30 degrees. In order to assess the effect of truncation in the azimuthal direction, we obtained a complete set of cylindrical near-field data of NSCAT antenna covering 360 degree in $ ( -180° < $ < 1800), and over the full extent of the scanner (3.8 meter long). The data was collected with the addition of an extra test antenna rotation for each probe position. As an example, for a given test antenna rotation, the probe samples the field at fixed A$ for 360 degrees range. During the second test antenna rotation, the probe is free of sampling the field and travels a distance Az. This phenomena is repeated for each probe position, Az, along the scanner. The far-field pattern obtained from the complete near-field scanning in ~ and the pattern obtained after deleting an interval of near-field data (-30° <$< 30°) corresponding to the back of the antenna is plotted in Fig. 8 . It is evident that near-field truncation error in the azimuthal direction will deter our ability to predict the backlobe far-field patterns in that direction. it is seen from Fig. 8 that the pattern deteriorates rapidly in azimuth, starting at an angle (far-field angle) coinciding with the truncated angular near-field region.
E Mu/fip/e Ref/ecfion Between Probe and Antenna Under Test
The near-field to far-field transformation assumes that multiple reflections between the antenna under and the sampling probe are very small and can be neglected. Since this Table 1 . shows the NSCAT flight antenna, horizontal polarization, performance parameters obtained from cylindrical near-field measurements on different radial distances. As can be seen in Table 1 that the antenna directivity, defined as the ratio of the maximum radiation intensity (power per unit solid angle) to the average radiation intensity (average over a sphere), varies within 0.004 dB from the linear averaging of directivity of the four measurements. Similar observations have been made for the antenna beamwidth, and pointing in terms of very small variations from the linear averaging value shown in Table   1 . 
G. Radial Probe Position Error
Accurate determination of the radial separation distance, r o , between the center of rotation of the AUT and the phase center of the probe is important to predict antenna gain and relative patterns. 
H. Probe Scanner Alignment Error
The probe scanner straightness is critical to the determination of the antenna pointing accuracy. In particular, we have found from computer simulation that misalignment of the tower by a tilt angle alpha, causes a pattern shift that is proportional to the slope of the tower. 
L Receiver Drift
Since the relative long measurement time are required, the receiver system may drift.
For an example, NSCAT antenna near-field measurement data acquisition takes little over 6 hours and SeaWinds antenna requires a little over 14 hours. Hence, it is desirable that a correction technique for possible field drift is applied. It is important to note here that the system is very stable during one azimuthal scan but the drift between the first and the last azimuthal scan can be significant. To correct for this, normalization scans were taken at the original measurement points. The normalization scans were taken in the vertical direction (z-direction) that is perpendicular to the original scans. This scheme is typically referred to as "tie scan". For an example, for the case of NSCAT antennas five-normalization scans were taken (at the end of the near-field measurement) in the z direction at a separation distance of A$=4.O degrees.
These tie scans were taken over a small area corresponds to the collimated field region of the antenna, and was used to obtain correction coefficients for all the data set in each linear scan.
APPLICATION TO SEAWINDS RADAR ANTENNA
A. SeaWinds Mission Description and Antenna Performance Requirements
Another class of spaceborne scatterometer radar instrument, SeaWinds, has currently been designed at JPL. The instrument is a multi-polarization, multi-incidence angle conical scanning. Fig. 12a shows the SeaWinds conical scan spot-beam illumination.
The instrument transmits and receive microwave pulses at ku-band 13.402Ghz to acquire the radar backscattering coefficients over several different azimuth viewing angles. It is designed specifically to measure the winds over 90 ?'o ice free ocean, and it is a follow up on the NSCAT instrument, It will be launched on the Advanced Earth Observation Satellite (ADEOS 11) in 1999 to a polar orbit at approximately 800 km above earth.
The antenna designed for the SeaWinds instrument [ 22] is a parabolic reflector with an elliptical projected aperture. beamwidth. The inner and outer beam peak gain is designed to be greater than 38.5 dB with cross polarization level for each beam below 20 dB from the peak. The continuous rotation of the reflector antenna, 18 rpm, causes the pencil beam along the spacecraft track to produce a helix scan patterns as shown in Fig. 12a , that each point within the swath width will be viewed by the scan beam two times, once in the forward direction of the spacecraft, and once in the backward direction. The additional second scan beam will allow the total view of the swath nominally from four different" look' azimuth angles.
B. Seawinds Antenna Calibration
The SeaWinds antenna flight model was measured in the cylindrical near-field range.
Because of the feed plate blockage in the center of the scan area, a careful consideration was needed to determine the location, peak of the near-field, at which the normalization point is to be taken. The sampling criteria in $ and z of this antenna requires:
Thus, the near-field data density of the SeaWinds antenna is 376 data points in Z (using the full extent of the scanner) by 371 points in ~. The total data density, 139,760 points, is more than four times of those needed for NSCAT antenna. It was necessary that some carefully validation of the measurement and processing technique for this large amount of data [9] . We had considered two approaches. The first approach was intended for absolute gain calibration, and was carried out with an intercomparison with antenna gain standard measurement performed at the National institute of Standard and Technology (NIST). The second approach was designed for antenna pattern comparative performance with direct far-field measurement.
C. Absolute Gain Verification with Standard Gain Horn
A standard gain horn, SGH, model 12-12 serial No. 193, had been employed to verify the cylindrical near-field measurement set-up and accuracy. This was done by performing an inter-comparison of antenna gain, and patterns using fundamentally different techniques. The horn gain was initially measured at NIST at the SeaWinds frequency, 13.402 GHz. The measurement was performed using a generalized three-. antenna measurement technique as described in [21] . Measurement were then performed at JPL using a cylindrical near-field technique to determine the horn patterns and gain. The insertion loss method was used to obtain the horn gain in the cylindrical near-field measurement, and the sampling orthomode probe is used as the gain standard.
The cylindrical near-field measurement was carried out at similar measurement parameters that SeaWinds antenna was measured. This included the radial distance, rO, data density in phi and z (full extent of the scan length in z), frequency, and normalization point. Far-field patterns and antenna gain were then computed from the cylindrical near-field measurement. A comparison between the SGH antenna gain measured at NIST and those measured at JPL in the above described approach shows an excellent agreement (within 0.18 dB) as shown in Table   2 . Noteworthy is the fact that different techniques were employed to obtain the antenna gain and yielded results that agreed well. far-field patterns shown in Fig. 13a at an amplitude level below Also, it is evident from Figs 13 a, and b that truncation errors start appearing at an angle greater than +/-60 degrees in the far-field pattern computed from cylindrical near-field measurement. These results were expected for the SGH that has wide beam patterns and consequently appreciable radiation in the +-/ z direction. Also, this is consistent with the geometrical formula prediction of angular range accuracy in the elevation plane for cylindrical near-field measurement [3] , [7] . It is noteworthy to indicate that this inter-comparison of data reported added a factor to the confidence levels in the measurement set-up and procedures, in particular where more than 139,000 near-field data points are measured for the characterization of the SeaWinds radar antenna.
D. Sea Winds Performance Evaluation and Measurement Repeatability
The SeaWinds radar antenna horizontal and vertical polarization were measured in the cylindrical near-field range. yields to specify the elevation and azimuth angles observation points at which the far field is desired to be calculated [7] . In addition, this implementation facilitates efficient computation of the near-field on planar surfaces for microwave imaging and holographic diagnostic of test antennas [23] .
Noteworthy, this is done without resorting to interpolation among far-field observation points.
In the limit as the probe radius becomes very small, the probe output of equation 3 is the direct response of the near field at a point, that is the response of infinitesimal hertzian dipole, P1=EZ and P= E@, and no probe compensation is needed. Also, note from equations 10 and 11 and In the back, the probe is linearly translated along a \'ertical track.
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